Changes in the microporosity of several types of Brazilian high-ash coals have been analyzed by smallangle X-ray scattering as a function of thermal treatment. Pore size, determined using Guinier plots, decreased following thermal treatment of the samples. The modification of porosity induced by thermal treatment was similar for high-ash and low-ash coals, from which it may be inferred that mineral content is not a determining factor in the process of pore formation. Internal surface area for the samples was calculated with SAXS data. A correlation is established between the internal surface area values obtained and the carbon content and heat-treatment temperatures of the samples.
Introduction
Several gas solid hydrogenation and oxidation reactions are relevant in coal processing. Synthetic fuels from coal liquefaction and steam generation from coal combustion, among others, are just examples. The chemical rates of those reactions may be strongly dependent on coal composition and structure. Most commonly processed are low-ash coals which are a highly heterogeneous mixture of organic materials characterized by petrographic phases such as vitrinite, inertinite, fusinite, etc. with variable compositions of carbon, hydrogen and oxygen as majority elements. They form a highly porous matrix with a high internal surface area. In this matrix are dispersed minority inorganic materials such as aluminosilicates, pyrites and metal oxides.
The importance of coal structure and composition in chemical reactions has been realized for a long time. More recently the speculation that minerals may play catalytic and/or inhibiting roles has gained many adepts in several laboratories. High-ash coals (more than 30','J'o mineral matter content) are utilized in India, *Supported by FINEP under contract CODETEC/UNICAMP,, FI N E P/FN DCT, I F-615CarvS.o. tPartially supported by CNPq, CONACyT and CIEA-IPN ot Mexico.
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South Africa and, to a lesser extent, Southern America. Brazil ash-coal reserves are considerable (over 15 billion tons) and its utilization is presently being encouraged by the government. A more recent series of hydrogenation experiments (Peel, Diaz & Luengo, 1979) at high temperatures and pressures suggested that coals may be a reasonable feedstock for hydrotreating processes. Subsequent X-ray powder diffraction (Gonz~.lez H., Herns.ndez C. & Luengo, 1981) and electron microprobe studies (Arantes, May & Luengo, 1080) have shown that these high mineral matter samples may be modelled in terms of a turbostatic organic structure interdispersed in an essentially inorganic matrix formed by aluminosilicates and silica. The small-angle X-ray scattering (SAXS) studies reported here were pursued to attempt the characterization of porosity and internal surface area. A fair amount of SAXS work has been reported, mostly on porous carbon materials which are essentially two-phase (voidcarbon) systems to which the theoretical model developed by Guinier & Fournet (1955) is strictly applicable. More recent applications of SAXS to multiphase systems like mineral coals have also been discussed in terms of the Guinier model (Spitzer & Ulicky, 1976; Lin, Hendricks, Harris & Must, 1978) . It was argued (Lin et al., 1978) that since the coal-mineral matter and coal-void electron density differences are nearly equal, mineral coals can also be treated as two-phase systems.
Theoretical developments by Guinier (Guinier & Fournet, 1955) have shown that the scattered X-ray intensity at sufficiently small angles due to a dilute, non-oriented monodisperse system of identical particles of uniform electron density can be written as
where h = 4re sin 0/)., 20 = scattering angle, N = number of particles per 103 mm 3 and V= volume of the particles. Ap represents the electron density difference between scattering particles and the matrix. Geometrically, the scattering centers are characterized by the radius of gyration of the particles with respect to their center of mass (R 2 = r2dv/v). 33 6"0 0-5 3"5 41 8-5 9.5 42 7.0 2.9 5"5 64 10-13 56 20.0 0"6 5.0 61 5-2-6'0 62 2-0 0'8 6-3 80 law may be attributed basically to the constitution of the sample, which may be far from the ideal system assumed in the theory. Analysis of the intensity curve for higher angles allows calculation of the total surface area of the scattering particles. According to Porod (1951 Porod ( , 1952 , the asymptotic behavior of the intensity curve follows the law:
Experimental methods
The samples used in this study were: (a) subbituminous high-ash coals from Charqueadas and Candiota fields in Brazil; (b) low-ash coals from the States of Pennsylvania (bituminous), Illinois (subbituminous) and North Dakota (sub-bituminous) in the USA; and (c) eucalyptus charcoal. Results of typical proximate analyses of coal samples are summarized in Table 1 . The samples were thin sections with an area of about 100 mm z cut approximately parallel to the bedding plane and polished to a thickness of about 1 mm.
All specimens were dried at 420 K for 3 h and some of them were afterwards heat treated in the temperature range 770-2270 K using a vacuum furnace with a niobium resistance. The heating rate was about 5 K min -I and the samples were maintained at the desired temperature for 2 h.
Cu K~ radiation (2= 1.5417 A) from a fine-focus tube monochromatized by a graphite single crystal was used for the low-angle scattering experiments. A three-slit collimation system was set to give a very fine line focus and a minimum of parasitic scattering. A vacuum path was used for the diffracted beam. Absolute intensity measurements of the primary beam were made using a set of a calibrated nickel filters. The total scattered intensity curves were obtained using a small-angle goniometer (Rigaku Corp.) with step scanning, a scintillation counter and a Philips electronic panel. Counting was registered every 0.5 = (20) for 200 s with the X-ray generator operating at 40 kV and 20 mA.
Slit collimation brings about aberrations that affect the measured intensities. Consequently, corrections were made using the computer program developed by Schmidt (1965) for a Gaussian distribution of the intensity along the primary beam, which was confirmed to be the case for our experimental set up. The same program corrected the scattered intensities by subtracting the background scattering and multiplying them by a factor that would account for the absorption and thickness of different samples.
Results
Low-angle X-ray scattering curves were obtained for the different samples in their natural state and after to the presence of larger pores. From the linear portion of the aforementioned plots was calculated the radius of gyration of the pores in the samples under study using equation (1). The results are summarized in Table 2 . Similar experiments and calculations were performed on heat-treated samples. Guinier plots of heattreated eucalyptus charcoal samples are shown in the mineral coal heat treated at the same temperatures. Increase in heat-treatment temperature (HTT) was reflected in a decrease in the slopes of the linear part of the Guinier plots, which in turn indicated a decrease in pore size. Table 2 also shows the evolution of the radius of gyration with carbonization temperature for all samples.
Intensities at large angles were analyzed using Porod's law. Plots of lnI(h)vs lnh show that the asymptotic 1,h 4 behavior is attained at sufficiently large angles, as shown in Fig. 3 . From the intensity data at large angles it is possible to evaluate the internal surface area (ISA) of all samples using Porod's equation (2) . The respective ISA's for all samples under study are grouped in Table 3 . Also the results are plotted as a function of HTT in Fig. 4 .
Discussion
Plots of lnl(h) vs h 2 obtained from the SAXS data for our coal samples show a very pronounced curvature toward the origin (h =0) followed by a linear part at larger angles. This seems to be a general feature of central scattering from coal and several authors (Guinier & Fournet, 1955) have reported similar results.
Several changes in the microporosity of coal samples induced by heat treatment are reflected in the SAXS data and can be summarized as follows:
1. The increase of the ISA in heat-treated samples in the temperature interval from 420 to 770 K is attributed to the formation of new pores, probably due to the removal of tarry materials, dehydrogenation and evaporation of other volatile components.
2. The decrease in pore size following thermal treatment indicates shrinkage of the pore structure as a consequence of the gradual development of graphitic particles. Particle growth was inferred from the gradual narrowing of the carbon lines in X-ray diffraction patterns (Peel, Diaz & Luengo, 1979) .
3. It is interesting to note that the modification of porosity induced by thermal treatment was similar for coals with high and low ash contents. It is then inferred that the mineral content is not a determining factor in the process of pore formation.
4. Internal surface areas of bituminous (low ash) and sub-bituminous (high ash) coals were calculated from the SAXS data. The results indicated smaller specific surface areas for bituminous coals. Furthermore, it was found that the specific ISA is inversely correlated with the carbon content of the sample. A fairly complete investigation of the porosity of several coal samples using SAXS and gas adsorption techniques has shown that the surface area obtained from both methods may show large discrepancies (Schmidt, Kalliat & Kwak, 1980) . (Essentially similar results have been obtained during our research, although the data are not reported here.) These discrepancies have been attributed to the fact that the different pore sizes and pore configurations existing in the samples affect the adsorption and scattering experiments in different ways. 5. A plot of the ISA versus heat treatment temperature seems to present a maximum of HTT of about 970 K. Similar results have previously been reported for heat-treated lignitous coals (Yossuet, 1975) . 
